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Abstract 
The work addresses the issue of fast variations of temperature of a central solar receiver under cloud covering. A specific 
attention is paid to the situation of Hybrid Solar Gas Turbine (HSGT) systems using pressurized air as Heat Transfer Fluid 
(HTF), as it is considered in the Pegase project (France). A Thermal Energy Storage (TES) unit integrated in the receiver is 
proposed for smoothing the variation of temperature. The technology is based on the utilization of both Phase Change Material 
(PCM) and metallic fins in order to enhance charge and discharge capability of the storage unit. A test-bench is designed with 
copper fins and is experienced with paraffin wax and with Li2CO3 successively as PCMs. In the same time, the test unit is 
modeled and the charging and discharging modes are simulated. The results show that the full charging is achieved in about 4 
hours starting from 700 °C when the receiver is maintained at 900°C, whereas the discharge from 900°C to 700°C is achieved in 
2.5 hours. 
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1. Introduction 
This paper is dedicated to the design of a test-bench for a low capacity Thermal Energy Storage (TES) system for 
Concentrated Solar Power (CSP) plants. This work is related to the research project aiming at developing a 
prototype of Hybrid Solar Gas Turbine (HSGT) power plant to be installed and experienced in the solar tower of 
Themis (France). In this tower technology, air is the working fluid used in the power block (gas-turbine). Air is also 
the HTF which is preheated in the solar receiver before feeding the combustion chamber and the expander 
downstream. This hybrid system does not require any TES unit to provide firm capacity and dispatchable power. 
The advantage of a TES unit of high capacity for such a hybrid system is presented and discussed by Grange et al. 
[1]. Various technologies of pressurized air solar receivers are currently offered or investigated by the developers 
and promoters of HSGT systems. The technology of pressurized air solar receiver developed by CNRS/PROMES 
and CEA/LITEN with the support of EDF features a rather low thermal inertia. It is therefore expected that cloud 
covering of the solar field results in strong thermo-mechanical stresses on the solar receiver. Moreover, fast 
variations of the air temperature at the outlet of the receiver make difficult the control and the stability of the 
combustion chamber and expander regime. To address this issue, we intend to integrate a low capacity TES unit to 
the solar receiver. This TES unit is intended to stabilize the outlet air temperature in case of cloud covering, thus 
protecting the solar receiver and other critical components downstream. This concept of “protection TES” is 
completely different from the conventional “production TES” which is generally intended to shift and/or maintain 
the generation of electricity in the late hours of the day according to the demand of the grid.  
1.1. Lifetime of central solar receivers 
The solar receiver represents a big share of the total investment of the plant (20 % for Gemasolar tower plant, 
Spain [2]). It must combine an elevated solar absorption factor with a high heat transfer capability with the Heat 
Transfer Fluid (HTF). The solar receiver must also resist to high temperatures, thermal chocks, corrosion, oxidation, 
and keep high thermal performances during decades. According to a criterion proposed by the Solar Heating and 
Cooling Program of the International Energy Agency (IEA/SHC), the decrease of thermal performance of solar 
receivers should remain lower than 5 % over 25 years. Kunic [3] has demonstrated the limits of this criterion, 
arguing that it is only appropriate for selective surfaces operating below 500 K. This author also established that 
protection storage is strongly valuable to keep high performances of solar receivers operating at high temperature. 
As an example, the degradation of the solar receiver of SolarTwo CSP plant has been observed [4]. This solar 
receiver was operated during more than 1 500 hours before being dismantled. The stainless steel tubes, coated with 
black paint Pyromark 2500, have endured thermal and mechanical fatigue. Paint was removed in few areas, and 
cracks have propagated in the steel, caused by strong thermal stress.  
1.2. The solar receiver for the Pegase project at THEMIS CSP plant (Targassonne, France) 
The Pegase project (Production of Electricity with GAs turbine and Solar Energy) is currently carried out by 
 Nomenclature 
 Greek symbols       L latent heat (J/kg) 
 β kinetic constant (-)    m mass (kg) 
 O thermal conductivity (W/m.K)   P power (W) 
 ρ density (kg/m3)      q mass flow rate of air (kg/s) 
       Q heat source term (J/m3) 
 Latin symbols      T temperature (K) 
 Cp heat capacity (J/kg.K)    t time (s) 
 fl fraction of liquid of PCM      
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CNRS/PROMES, France, with research and industrial partners (CEA/LITEN and EDF). One major work package of 
this project has focused on the design of a solar receiver capable to heat 8 kg/s of air in the range 6-10 bar from 
350°C at the inlet to 750°C at the outlet, with a pressure drop below 300 mbar. The purpose is to demonstrate a solar 
share of 60% for the 2 MW HSGT plant and to achieve a technology transfer to the industry sector in the short to 
medium term. A pilot scale solar receiver of 450 kWth has been designed and is currently under testing to validate 
the main options and to assess the optical and thermal performances. The receiver is made of metallic materials. It 
features a flat surface modular and multistage absorber and a cavity for enhancing the efficiency. The pilot absorber 
is made of 16 modules, each of them having an area of 20 cm x 40 cm. At design point, the absorber temperature is 
estimated to reach 860°C for an outlet air temperature of 750 °C. Starting from this design point, Grange [5] 
established that a 15 minutes cloud covering yields a drop of outlet air temperature down to 400 °C. By integrating a 
TES unit to the absorber (see Fig.1), our objective is to keep the outlet air temperature above 600°C after 15 minutes 
of full shadowing of the solar field. 
 
Fig.1. HSGT principle with TES module integrated in the receiver  
For this purpose, a small storage capacity is sufficient but a high discharge capability is needed. The stored 
energy must be released and transferred to the air in a range of temperature 600 – 750°C. The TES unit must also 
have a high density because it will be integrated at the back of the receiver. 
2. Material and method 
2.1. Choice of a phase change material and solution for thermal conductivity enhancement 
Phase change materials are known for their high capacity of thermal storage. A study of Farid [6] has listed the 
main PCMs for solar energy applications. In addition, Zabla [7] has given an inventory of more than 150 PCMs over 
the last 20 years. He has referred to hydrated salts, paraffin wax, fatty acids and eutectics of organic and non-organic 
compounds. According to Kenisarin [8], the basic requirements imposed upon phase change heat storage materials 
are: the demanded melting temperature, a high thermal capacity and conductivity, a reliable convertibility, a 
minimum volume change during the phase change, an insignificant undercooling, a chemical stability and resistance 
with other material of the TES, nontoxic, flame safety, availability, and low cost. In Zabla’s list of PCMs, we have 
selected inorganic substances for our study because of their resistance at very high temperatures. The lithium 
carbonate (Li2CO3), an inorganic PCM, is well suited referring to Kenisarin’s criteria. Li2CO3 melting temperature is 
calibrated at 723°C, which is within the operation range temperature of our study. Its thermal conductivity is among 
the best in its class [7], and its latent enthalpy is relatively high. In experimental analysis carried out at 
CNRS/PROMES, we have observed that the Li2CO3 does not present a high difference between the solid and liquid 
density and that its undercooling is negligible. In addition, Li2CO3 is nontoxic, flame safety, and available enough 
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for our application. However, Li2CO3 has to be pure, indeed a mixture of carbonates (containing lithium, sodium 
and potassium carbonates) produces a significant decrease of the melting point. Inorganic substances can also be 
source of undercooling and corrosion. 
The thermal conductivity of the storage medium is a key parameter in our work since it will directly affect the 
heat exchange between the TES module and the receiver and thus affect the discharge efficiency of the storage. 
Li2CO3 offers a low value of thermal conductivity over the range of temperature which is considered here, i.e. 2.6 
W/m.K (see Table 1). This is the reason why we have investigated how to enhance this thermal conductivity. 
Among the all techniques for thermal conductivity enhancement, we have retained the coupling of a metallic matrix 
filled with PCM such as Hasse [9] has done with a honeycomb wallboard filled with paraffin wax at low 
temperature (50°C average). Indeed the use of metal, because of its very high thermal conductivity, is a good 
solution to provide the heat transfer into the PCM. High temperatures impose the structure of the storage to be 
robust. Therefore encapsulation techniques, such as micro-integration of graphite particles into the PCM, would not 
be appropriate. Aluminum and copper have been preliminary chosen because they are often used in such 
applications. But aluminum has been excluded because of its low melting temperature. Besides, copper presents a 
high thermal conductivity and remains solid until 1 080°C despite its higher cost and density and its lower thermal 
capacity, compared with aluminum. 
Finally lithium carbonate and copper have been selected to be used for the design of the TES module; their main 
properties are listed in Table 1. We have also checked the thermal compatibility of these materials in an 
experimental work by putting a sample of copper into a container filled with lithium carbonate. We have observed 
the formation of a thin layer of copper oxide which does not progress in time and seems to protect the sample from 
further oxidation. We concluded that there is no major physicochemical interaction between both materials at very 
high temperatures, in the range 100 – 1 000°C. 
Table 1: Main properties of materials retain for the design of the test-bench 
Properties Cu Li2CO3 
Solid Liquid 
Density ρ (kg/m3) 8940 2110 2110 
Thermal conductivity λ (W/m.K) 392 2.6 2.6 
Heat capacity Cp (J/kg.K) 385 1800 2500 
Latent heat L (J/kg) n.a. 509 000 
Melting temperature Tm (K) 1403 (1080°C) 996 (723°C) 
2.2. Method for the design of the TES test-bench, two steps experimental campaign 
2.2.1 Needs in terms of energy 
The objective of the design is the study of the thermal behavior of a TES cross-section at different temperature 
levels from 600°C to 800°C. For this purpose, we have designed a TES test-bench by calculating our needs in terms 
of energy for one module. First we evaluate the needed energy to maintain the outlet air temperature of one module 
of the receiver above 600°C using the following calculation: 
ܧ௡௘௘ௗ௘ௗ ൌ ሶ݉ ௔௜௥ܥ݌௔௜௥οܶݐ௦௧௢௥௔௚௘ ൌ ͲǤͳ כ ͳͲͷͲ כ ሺ͹ͷͲ െ ͸ͲͲሻ כ ሺͳͷ כ ͸Ͳሻ ൌ ͳͶǤʹܯܬ            (1) 
Second, we express this needed energy in terms of sensible and latent heat that storage materials (i.e. copper and 
lithium carbonate) can achieve: 
ܧ௡௘௘ௗ௘ௗ ൌ ݉஼௨ܥ݌஼௨οܶ ൅ ݉௉஼ெ ቀܥ݌ெ஼௉௦௢௟௜ௗ൫ ௛ܶ௜௚௛ െ ௙ܶ௨௦௜௢௡൯ ൅ ܮ ൅ ܥ݌ெ஼௉௦௢௟௜ௗ൫ ௙ܶ௨௦௜௢௡ െ ௗܶ௢௪௡൯ቁ          (2) 
Finally, we assess the mass fraction of PCM as 70 % of the total mass (corresponding to a PCM volume fraction 
of 90 %). As a result, we have established that 8 kg of copper and 17 kg of PCM are needed to store 14.2 MJ of 
thermal energy. 
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2.2.2 Test-bench 
For the construction of the TES test-bench, the main idea is to have a simple architecture representing a cross-
section of the TES unit integrated in the solar absorber. It was decided to use copper fins, easier to manufacture than 
a honeycomb wallboard as it is proposed by Hasse [9]. The fins must be as thin as possible to transfer quickly the 
heat, but not so thin to keep a high robustness of the TES structure. Thereby, from the standard of fabrication we 
have selected 8 mm of thickness for the fins. The fins measure 20 cm which is the wide of one module of the solar 
receiver. An estimation of the fin efficiency yielded 40 cm deep for the fins. Thus, the volume of one fin is 
determined (640 cm3 and 5.7 kg of copper). The number of PCM compartments has also been fixed at 3, i.e. 4 fins 
are needed, because we want to instrument the middle compartment that has to remain free of any boundary effect. 
Indeed, the heat transfer in the two exterior compartments is influenced by thermal losses. In order to keep the mass 
and volume fraction of PCM fixed as calculated before, the width of each compartment measures 76 mm (6080 cm3 
and 12.8 kg of PCM). As a result, the dimensions of the test-bench are 20 x 26 x 40 cm. We have clearly more 
materials quantity than necessary (22.8/38.4 kg of copper/PCM instead of 8/17 kg), but the objective of the test-
bench is to check how the PCM can be stressed with the heat transfer enhanced by copper fins. 
The middle compartment, the test cell, is instrumented with 30 thermocouples connected to a data acquisition 
system, in order to study the conductive heat transfer through the test-bench. The electrical heat source and the water 
cooling system are placed below the TES. They are integrated to a copper base in order to achieve a high conductive 
heat transfer during heating or cooling modes. Thermal insulation enveloping the TES consists in 4 layers of 5 cm 
each on all sides. The heat source is designed using a heat balance calculation (eq. 1) that takes into account the 
thermal properties of the TES materials and the thermal/radiative losses.  
௛ܲ௘௔௧௦௢௨௥௖௘ ൌ ௟ܲ௢௦௦௘௦ ൅
ሺ௠಴ೠ஼௣಴ೠା௠ಾ಴ು஼௣ಾ಴ುሻሺ ಴்ೠି்೔೙೔೟ሻା௠ಾ಴ು௅ಾ಴ುାሺ௠Ǥ஼௣ሻ೔೙ೞೠ೗ೌ೟೔೚೙൬
೅೘೐೟ೌ೗శ೅೔೙ೞೠ೗ೌ೟೔೚೙ೞೠೝ೑ೌ೎೐
మ ି்೔೙೔೟൰
௧೓೐ೌ೟೟೔೘೐            (3) 
As a result, a power of 12 000 W is necessary to heat the test-bench from 20 to 800°C in 4 hours. With this 
power, thermal cycles between 600 and 850°C can be done every 1.5 hours. The exterior surface temperature of the 
insulation is calculated around 50°C and the losses around 1300 W. We have decided to provide the heat power 
thanks to 3 rows of 8 cartridges each (Fig. 2). Thus, 24 cartridges of 500 W electrical provide 12 000 W to the 
system. To extract the heat from the TES, we have calculated that a quantity of 30 liters of water transformed in 
vapor would be enough to decrease the temperature from 800 to 600°C in 15 minutes. As shown in Fig. 2, the water 
flows into the copper base of the TES through 5 channels to extract the heat and is then ejected as vapor to the 
atmosphere.  
 
Fig.2. (a) 3D representation; (b) and (c) pictures of the test-bench filled with PCM 
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Fig. 2a presents a drawing o the test-bench. It is shown filled with liquid PCM, on Fig. 2b, in order to detect 
leaks. Fig. 2c shows the paraffin wax that has become solid. The connections of thermocouples out of the TES can 
also be seen. There are 28 thermocouples distributed in 4 rows along the height of the test cell, 2 touching the 
copper base, 2 to measure the temperature of water and vapor, and 1 thermocouple in each electrical cartridge. 
The TES test-bench has been constructed in order to operate with lithium carbonate in a temperature range 600-
800°C. But this range of temperature imposes the TES test-bench to be entirely insulated and so it is impossible to 
observe the thermal convection in a compartment. This is the reason why we have thought of using the test-bench in 
two steps: first with paraffin wax (51-53°C RPE G 2500) at low temperature without much insulation, and second 
with lithium carbonate and a thick insulation. 
2.3. Development of a numerical model of the TES test-bench 
2.3.1. Equations 
In this section, we describe the equation used in the CFD (Computational Fluid Dynamics) software in order to 
simulate the thermal behavior of the test-bench. First, the general heat equation is needed with addition of a heat 
source term Q:  
ߩܥ௣ డ்డ௧ ൌ ߣοሺܶሻ ൅
డொ
డ௧ ݓ݄݁ݎ݁ܳ ൌ ߩܮ ௟݂       ሺͶሻ
Where,  T is the temperature (K); 
 Q is the heat source term (J/m3);  
fl (t) the fraction of liquid into the PCM; 
 ρ, Cp, λ, L (S.I.) are density, heat capacity, thermal conductivity and latent heat of the PCM. 
As shown in the equation 4, the heat source term Q is described as a product of the latent heat of the PCM and the 
fraction of liquid into the PCM. The thermophysical properties of the PCM are described in the equation 5 with an 
average value between the solid value and the liquid value weighted by the fraction of liquid of the PCM. 
ቐ
ߩ ൌ ߩ௦௢௟ ൈ ሺͳ െ ௟݂ሻ ൅ߩ௟௜௤ ൈ ௟݂
ܥ݌ ൌ ܥ݌௦௢௟ ൈ ሺͳ െ ௟݂ሻ ൅ ܥ݌௟௜௤ ൈ ௟݂
ߣ ൌ ߣ௦௢௟ ൈ ሺͳ െ ௟݂ሻ ൅ ߣ௟௜௤ ൈ ௟݂
        ሺͷሻ
For the description of the evolution of the fraction of liquid, we propose to use a numerical model named “phase 
field method” and validated by Calvet et al. [10]. The aim of the phase-field method is to round the evolution of the 
PCM during the phase change contrary to a discontinuous function. For this, the description of the phase change 
considers an analogy between the melting and a kinetic reaction. The model still uses the general heat equation but 
the heat source term Q is coupled to a second equation describing the mass transfer such as the equation 6: 
ቐ
ߩܥ௣ డ்డ௧ ൌ ߣοሺܶሻ ൅ ߩܮ
డ௙೗
డ௧
డ௙೗
డ௧ ൌ ߚሺܶ െ ௠ܶሻ ௟݂
         ሺ͸ሻ
We assume that the description of the fraction of liquid is more mathematical than physical, but it helps a lot for 
the numerical calculation of the model. In phase field method, the parameters β takes into account a lot of 
parameters such as the geometry of the TES. We have decided to keep β constant with an average value β= 10-4 K-1s-
1 in order to simplify the computation of the model. 
 
 
 
 
1050   D. Verdier et al. /  Energy Procedia  49 ( 2014 )  1044 – 1053 
2.3.2. Modeling 
All equations presented in subsection 2.3.1 are implemented in the CFD software using two modules in transient 
analysis. The first one describes the heat equation while the second module describes the diffusion mass equation, 
i.e. the melting of the PCM. The geometry is reached in two dimensions in Fig. 3 (a cross-section of the TES test-
bench) in order to simplify the model and to have a short computation time. 
 
 
 
 
Fig.3. 2D geometry, subdomains and limit conditions used in the CFD software to model the TES test-bench 
 
As shown in Fig. 3, the copper base containing the heat and cold source has been replaced by a 1 cm copper base. 
The other parts of the geometry respect the real dimensions of the test-bench. The 76 mm compartments are filled 
with PCM, and the 8 mm fins are made of copper. The heat and cold sources correspond each to an imposed 
temperature. For the heating phase, the initial state of the test-bench is a uniform temperature of 700°C for the entire 
geometry and a fixed temperature of 900°C is imposed at the bottom. For the cooling phase, the entire geometry is 
initially set at a uniform temperature of 900°C and a fixed temperature of 100°C is imposed at the bottom 
(temperature of vaporized water). All the other sides are thermally insulated. Red crosses on Fig. 3 show the points 
of the middle compartment where the data are extracted. There are 8 points distributed on 4 floors. The first 4 points 
are placed in the center of the middle compartment because it is the latest area receiving the heat flux. The second 4 
points are placed at 1 cm of the fin in order to check if the phase change is visible so close to the fin. For each 
location i (1 ≤ i ≤ 8), Ti is the temperature extracted from the model. 
2.3.3. Results 
The simulated results are presented in two parts: first we present the heating phase, and second the cooling phase. 
According to the model, the entire test-bench reaches a uniform temperature of 700°C (starting from a uniform 
temperature of 20°C) in less than three hours. On the following curves, T1, T3, T5, and T7 (close to the fin) are 
plotted with solid lines whereas T2, T4, T6, and T8 (in the center of the compartment) are plotted with dashed lines. 
Starting from a uniform temperature of 700°C for the entire geometry, the heating phase consists in imposing a 
temperature of 900°C at the bottom of the TES. The Fig. 4 gives the evolution of the temperature in the range 700-
900°C during the heating phase. 
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Fig.4. Evolution of PCM temperature in the test-bench during heating phase 
On the Fig. 4, we observe that the melting level is noticeable on T4, T6 and T8. Indeed the other points are too 
close the copper base or the fin and the heat transfer is too quick to observe a melting plateau. With this imposed 
temperature, more than 15 000 seconds (4 hours) are needed to melt the entire PCM. Comparing the two curves on a 
same floor (one solid and one dashed), we remark that the melt level is more visible on the dashed (in the center of 
the compartment) and also that there is a delay for the melting. These observations are consistent with the logic 
thermally speaking. In order to illustrate the transformation of the PCM, we have picked out some drawings from 
the model at different instants showing the state of the PCM in the TES (Fig. 5). 
(a) (b) (c) (d)          
Fig.5. Evolution of the fraction of liquid in the geometry during the melting of the PCM (a) 1 000s, (b) 5 000s, (c) 9 000s, (d) 14 000s 
On the Fig. 5, blue areas represent the solid PCM whereas red areas represent the liquid PCM. At initial state 
during the heating phase, the entire test-bench is blue (solid, fl = 0). It becomes red (liquid, fl = 1) over time. As said 
in the development of the prototype, we can observe the boundary effect on the two exterior sides. In fact the 
exterior fins as a double effect comparing to the fin on the center, because they are transferring their power to only 
one compartment. 
2.3.4. Simulated results during cooling phase 
Then, starting from a uniform temperature of 900°C for the entire test-bench, the cooling phase consists in 
imposing a temperature of 100°C at the bottom of the TES. The Fig. 6 gives the evolution of the temperature in the 
range 900-100°C during the cooling phase. 
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Fig.6. Evolution of PCM temperature in the test-bench during cooling phase 
Again, with the Fig. 6, we observe that solidification plateaus are noticeable on points T4, T6, and T8. The heat 
transfer is too high for the other points to see a plateau. To discharge entirely the TES, i.e. to transform all liquid 
PCM into solid PCM, 9 000 seconds (2h30) are necessary. A temperature difference of 400°C remains, according to 
the Fig. 6 after 9 000 seconds. 
2.4 Experiments 
Thanks to the numerical model, we have now an idea of the period of needed time to thermally charge and 
discharge the test-bench. In this last paragraph we explain how the test-bench will be experimented in the next days. 
We decided to use first a PCM that melt at low temperatures in order to visualize any convection movements. In the 
same time, it will allow to adjust the model parameters by comparing its results to that of the experimental 
measurements of temperature. Then, in a second step, we will experiment the test-bench with lithium carbonate. 
2.4.1. Paraffin wax 
The first step of the test-bench consists in the use of paraffin wax as PCM medium. The paraffin wax is often 
used in building thermal applications mainly for its capacity of storage, availability, and cheapness. We have 
decided to choose paraffin wax that melts at 53°C because this melting point is far enough from the ambient 
temperature. The heat power will be a fraction of the total power available. We have calculated that 2000 W would 
be enough (17 % of 12 kW). The aim of this first step is to visualize the thermal convection movements into the 
PCM. For this, the two sides maintaining the copper fins are Plexiglas walls as shown on the Fig. 2b and 2c. We also 
hope to detect any problems caused by the thermocouples when the liquid paraffin wax starts to become solid. 
Finally, the first experimental results could be compared to simulated result in order to confirm the numerical model 
predictions, or if some parameters are wrong and need to be changed. 
2.4.2. Lithium carbonate 
In the second step, we will replace the paraffin wax by the lithium carbonate. A specific attention will be paid on 
the position of the thermocouples that will have to stay at their initial places. Obviously, Plexiglas walls will be 
replaced by special stainless steel walls that could resist high temperatures. The entire test-bench will be thermally 
insulated with 4 layers of 5 cm of Superwool® 607HT each, so that thermocouples will be the only way to 
characterize the thermal behavior into the TES. 
3. Conclusion 
In this paper, we have presented a design of TES test-bench for the thermal protection of a solar receiver. The 
test-bench, made of copper fins filled with PCM, offers the possibility to study the thermal behaviour at different 
temperature levels between 600 and 800°C. A numerical model of the test-bench has been developed in order to 
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simulate the thermal behaviour and to determine the needed time to charge and discharge the TES. Work is still in 
progress, with the step one using paraffin wax at low temperatures, in order to determine how important the 
convective effects and the fins effect are. In the step two, the test-bench will be filled with lithium carbonate instead 
of paraffin wax, in order to work at very high temperature. 
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